Computer simulation of the ventricular activation sequence of the WPW syndrome was attempted by producing fusion beats in which localized ventricular myocardium was activated earlier than the "normal excitation". It suggested that the site of pre-excitation was; i) at the posterior or the lateral free wall of the left ventricle adjacent to the A-V groove in type A, ii) at the antero-lateral base of the right ventricle in type B, and iii) at the posterior paraseptal region of the right ventricle in type C. A mild degree of pre-excitation at the left ventricular posterolateral region will result in type-B QRS complexes.
of ventricular pre-excitation could be approximately determined on the basis of body-surface electrocardiograms, and its precise localization could be highly facilitated at the non-invasive electrophysiologic studies. 12) Electrocardiographic patterns analogous to the WPW syndrome were produced in experimental animals.13)-16) However, these are not necessarily identical to the condition obtained in human subjects. Therefore, in the present report, computer simulation of the ventricular activation sequence was attempted on the model of human ventricles to obtain. WPW QRS complexes by producing fusion beats in which localized ventricular myocardium was activated earlier than the "normal excitation".
Correlation was made between the area of ventricular pre-excitation and the configuration of the QRS complexes obtained, especially in lead V1.
METHODS
A digital computer was used to produce ventricular activation sequence in a model which was composed of 27,000 clusters of 3-mm cubic blocks and possessed simulated anatomical and electrophysiological properties of human ventricles.17) Based on this simulated heart model, QRS complexes in body-surface leads were mathematically constructed by the computer. 18) Pre-excitation was initiated at several sites of the ventricular model, with normal excitation started at the lower one third of the left interventricular septum after variable degrees of time delay. Thus, ventricular fusion beats were produced to simulate the ventricular activation sequence of the WPW syndrome. The following 5 locations were selected as the site of pre-excitation, i) the postero-basal portion of the left ventricle, ii) the anterolateral base of the right ventricle, iii) the right ventricular base near the posterior interventricular septum, iv) the pulmonary conus, and v) the upper part of the anterior interventricular sulcus. The time delay between the onset of pre-excitation and the beginning of normal septal activation varied from 10 to 90 msec. It will arbitrarily be designated as "pre-excitation time" in the following text.
RESULTS
I. Pre-excitation at the postero-basal region of the left ventricle 1. The pre-excitation impulse was given to the subepicardial layer of the postero-lateral region of the left ventricle 50 msec earlier than the onset of normal excitation. The ventricular activation sequence and constructed QRS complexes are shown in Fig.1 . At the early stages (stage 1 to 3) the activation wave front spread slowly through the ventricular myocardium in the epicardial to endocardial direction anteriorly to the right, ensuing in a small slurred upward deflection in the initial part of the QRS complex (delta wave) in leads V1, V3, and V5. The pre-excitation impulse entered into the Computer-simulated sequence of ventricular activation in preexcitation at the subepicardial layer of the posterobasal region of the left ventricle.
The site indicated by arrow in the right upper panel was excited 50 msec earlier than the onset of normal excitation.
In the right panel the ventricular activation front at the 15-msec interval are illustrated in the horizontal cross-section at the levels shown in the left upper panel. The QRS complexes in the chest leads (V1, V3, and V5) are compatible with those of the type-A WPW syndrome. The broken lines indicate the boundary where the activation wave fronts caused by the normal and pre-excitation impulses collide with each other.
Purkinje network 40 msec after the onset of QRS (stage 3) and spread forward rapidly, resulting in a large R wave in V1 and V3. At 50 msec (stage 4 to 5) the left ventricle was activated circumferentially in the endo-to epicardial direction, while, in the right ventricle, the anterior papillary muscle and its adjacent myocardium began to be excited by the normally conducted impulse. In the right panel of Fig.1 the activation wave fronts caused by the normal and pre-excitation impulses collided with each other at the boundary indicated by broken lines. Then, activation spread to the right ventricular free wall as well as the posterior margin of the interventricular septum. The apex was activated at the last stage. The constructed QRS complexes were compatible with those of the type-A WPW syndrome (Fig.1) . Fig.2 shows changes of QRS complexes in lead V1 at various "preexcitation time". As pre-excitation time was shortened, the R wave in lead QRS complexes in lead V1 at various "pre-excitation time" with ventricular pre-excitation at the same location as in Fig.1 .
The first QRS complex from the left was obtained when the ventricles were activated by the normal impulse. The second and third ones indicate fusion beats with the respective pre-excitation time of 30 and 50 msec. The second QRS complex should be classified as type B by definition, but the third is of type A in configuration.
The last is a QRS complex which was constructed when the ventricles were activated only by the pre-excitation impulse.
V1 became lower, the QRS duration shorter, and the delta wave smaller. In spite of pre-excitation at the postero-basal region of the left ventricle, the QRS complex obtained with pre-excitation time of 30 msec was an rS configuration in lead V1, which should be classified as type B in Rosenbaum et al's classification. 19 ) It is to be emphasized that the delta vector remained nearly in the same direction irrespective of the degree of pre-excitation time.
2. When the pre-excitation impulse was given to the subendocardial layer of the left postero-basal region, it immediately invaded into the Purkinje network, and the activation wave front spread rapidly from right to left. The constructed QRS complex in lead V1 showed various patterns such as qRS, QR, or qrsR' and was not accompanied by a significant initial slurring characteristic of typical WPW QRS complexes.
3. When pre-excitation was initiated at the subepicardial layer of the left basal region near the posterior interventricular sulcus, a QRS complex of rSR' configuration with a definite delta wave was obtained, which was classified as an atypical type A. However, as pre-excitation time was shortened, type-B QRS complexes were observed.
II. Pre-excitation at the basal region of the right ventricle 1. The pre-excitation impulse was applied to the right lateral border neighboring the atrioventricular groove 40 msec earlier than the onset of the normal excitation (Fig.3) .
At the early stages the activation wave front spread slowly through the ventricular myocardium anteriorly to the left with a consequent small upright delta wave in lead V1. At the middle stage (60 Fig.3 .
Computer-simulated sequence of ventricular activation in preexcitation at the antero-lateral base of the right ventricle. The site indicated by arrow in the right panel was excited 40 msec earlier than the onset of normal excitation.
In the right panel the ventricular activation front at the 10-msec interval are illustrated in the horizontal cross-section of the heart. Precordial QRS complexes are compatible with those of the type-B WPW syndrome.
See legend of Fig.1 for the explanation of the broken line. The QRS complexes in lead V1 varied in configuration at various preexcitation time (Fig.4) . As pre-excitation time decreased, the delta wave became slightly smaller but remained almost unchanged in direction, and the QRS complex became abbreviated in duration but remained to be an rS pattern in lead V1.
2. The pre-excitation impulse was given to the postero-basal region of the right ventricle near the interventricular septum 40 msec earlier than the normal excitation (Fig.5) . At the early stage the excitation wave front spread slowly through muscular conduction, mainly to the left and slightly forward. The constructed QRS complex showed a small negative delta wave in lead V1. Then, it entered into the Purkinje network in the right ventricular endocardium and spread across the interventricular septum from right to left nearly in parallel with the right septal surface. The activation sequence of the right ventricular free wall was not quite different from the normal one. The anterior wall of the left ventricle was excited by the normally conducted impulse, and the posterior region was activated last. The constructed QRS complex in lead V1 showed a QS pattern with a negative delta wave, which was compatible with a type-C WPW complex proposed by Ueda et al.20) As pre-excitation time decreased, the QRS duration was shortened gradually, but the direction of the delta vector remained almost unchanged (Fig.6) . Irrespective of the degree of pre-excitation, the QRS complex consistently showed a QS pattern in lead V1.
3. The pre-excitation impulse was given to the pulmonary conus 30 msec earlier than the normal excitation (Fig.7) .
Initially (0 to 20 msec), the excitation wave front spread slowly through muscular conduction posteriorly slightly to the left and ensued in a small negative delta wave in lead V1. Then, it invaded into the Purkinje network in the right ventricular endocardium 20 msec after the onset of QRS and spread rapidly posteriorly to the right, with the interventricular septum activated from right to left. The apex and the posterior left ventricle were activated last (at 80 to 90 msec). The resultant QRS complex in lead V1 showed a QS pattern, which was consistent with the type-C WPW syndrome. Irrespective of the degree of preexcitation, the ventricular fusion beat invariably showed a type-C WPW complex.
4. When the pre-excitation was set at the upper part of the anterior interventricular sulcus, the constructed QRS complex in lead V1 also showed a QS or W configuration with a negative delta wave. Irrespective of the degree of pre-excitation, a type-C WPW complex was always obtained.
DISCUSSION
Pre-excitation at the postern-basal region of the left ventricle In 1944, Ohnell13) reported pathoanatomically of a patient with the WPW syndrome who had a muscle bundle connecting the left atrium with the left ventricle, located dorsally to the mitral ostium and peripherally to annulus fibrosus. Recently, Boineau6) and Wallace8) and their coworkers reported epicardial mapping studies in patients with the type-A WPW syndrome which revealed early anomalous ventricular excitation at the posterior aspect of the left ventricle just beneath the A-V groove. On the basis of these facts, the pre-excitation stimulus was given at the subepicardial layer of the left ventricular postero-basal region to simulate type-A QRS complexes. QRS waves characteristic of type A were obtained when pre-excitation time was not short. The simulated ventricular activation sequence in the present study seems compatible with the findings in epicardial mapping studies on the human heart with the type-A WPW syndrome6)-8) and also in animal experiments in which epicardial electrical stimulation of the posterior base of the left ventricle resulted in type-A QRS complexes.16) When a type-A QRS alternates with a type-B one in a patient, it is generally supposed that he has more than one accessory bundle.20) In fact, Boineau et al6) demonstrated the presence of biventricular pre-excitation in a squirrel monkey which had 2 anomalous atrioventricular muscular connections. The co-existence of 2 or more accessory bundles was also clinically suggested in several cases with the WPW syndrome.21), 22) Pointing out that the positive delta wave in the precordial leads remained unchanged in both type-A and -B QRS complexes in a case published by Ramachandran, 22) Bruyneel23) mentioned that it would be hard to accecpt a change in the anatomic site of pre-excitation without altered initial vectors. In the present study, when pre-excitation time shortened, QRS complexes changed from type-A to type-B QRS complex (Fig.2) . This observation was compatible with the result of animal experiments reported by Iguchi.16) The clinical counterpart of this observation is "concertina effect."13) Wyndham and colleagues24) demonstrated that epicardial mapping identified early activation of the posterobasal portion of the left ventricle just to the left of the interventricular sulcus in a patient with type-B pre-excitation. The increase in atrioventricular nodal conduction time with atrial pacing preferentially favored conduction through the anomalous pathway with accentuation of preexcitation with the resulting QRS complexes being typical of type-A preexcitation in this patient.
Pre-excitation at the antero-lateral base of the right ventricle Wood and colleagues25) first presented histologic proof of an accessory muscular connection at the right lateral border between the right atrium and ventricle in a patient with the WPW syndrome, as Kent26) described in a variety of mammalian species. Earliest epicardial excitation was often observed at the right lateral border in patients with the type-B WPW syndrome.1)-4) In the present study, a ventricular fusion beat with pre-excitation at the right lateral border neighboring the atrioventricular groove resulted in type-B QRS complexes (Fig.3) .
Pre-excitation at the posterior paraseptal region of the right ventricle Ueda and coworkers27) suggested that the pre-excitation area was located at the base of the right ventricle in patients with the type-C WPW syndrome in which the delta vectors and QRS loops directed straight to the left. When the posterior aspect of the right ventricle was prematurely activated in an experimental animal, a type-C ventricular fusion beat was observed.16) Yamada et al12) have recently presumed that the site of pre-excitation was the posterior paraseptal region of the right ventricle in type III of the isopotential body-surface mapping. The results of the present simulation study were consistent with these reports. Independent of the degree of pre-excitation, the constructed QRS complexes in this instance remained to be of type-C configuration (Fig.6) .
Of interest is the fact that an unsuccessful case of attempted surgical interruption of the accessory pathway showed type-C QRS complexes (Figs. 1, 2, and 3 published by Lindsay et al11)). In their case the earliest appearance of epicardial excitation was found at the lateral and posterior diaphrag- Vol.18 No. 4 VENTRICULAR PRE-EXCITATION 471 matic portion of the right ventricle. Lev and his associates28) demonstrated A-V junctional bypass fibers and unusually copious Mahaim fibers from the A-V bundle to the posterior portion of the muscular ventricular septum in a case of pre-excitation syndrome whose ECG had a short PR interval and delta waves and showed type-C QRS complexes (QS and qRs in lead V1).
Pre-excitation at the pulmonary conus and the upper part of the anterior interventricular sulcus When pre-excitation started at the subepicardial layer of the pulmonary conus (Fig.7) or of the upper part of the anterior interventricular sulcus, type-C QRS complexes were obtained irrespective of the degree of pre-excitation. However, no clinical reports have been made which demonstrated pathoanatomically and suggested electrophysiologically the presence of anomalous atrioventricular communications in these areas. It would be unlikely on the embryological basis that the anomalous A-V pathway enters the pulmonary conus.
